and oxygen is adopted, phase control could also be achieved by sequential injections of oxidizer.
Introduction
Methods for the synthesis of monodisperse nanostructures are of key importance in inorganic and physical chemistry. For instance, it allows one to interpret the collective physical properties of an ensemble of particles in terms of the features of an individual particle. 1 Monodisperse particles are also an important requirement for the application of nanoparticles in a wide variety of materials.
Recently, many efforts have been focused on developing synthesis procedures aiming at controlling nucleation and growth of monodisperse nanoparticles [2] [3] [4] [5] [6] , which play a key role in determining the crystal size distribution. In particular, a successful scheme relies on the separation of the nucleation from the growth which can be obtained by producing a single fast nucleation event induced by injecting thermally unstable precursors into a hot solution containing surfactants, followed by a surfactantmediated growth. 7 By adsorbing reversibly to nanoparticle surfaces, surfactants provide a means not only of mediating growth but also of stabilizing the nanoparticles in solution. For this reason this approach has been extensively adopted for the preparation of colloidal nanoparticles which have provided model systems for the study of crystal growth and of factors affecting phase and shape stability at the nanometer scale. [8] [9] [10] [11] [12] [13] Many recent studies point out the effect of the growth conditions on the outcome of the synthesis: for example by varying the growth temperature one may achieve size and/or shape control by tuning the growth rate or phase control by making more favorable the growth of one polymorph. On the other hand, the nucleation is more difficult to control as it depends exponentially on concentration and temperature. Rapid injection leads to a burst of nucleation, but also creates a complex sequence of events than can be difficult to reproduce. For instance, just after injection volatile by-products evolve, the temperature and the concentration may not be uniform until complete mixing, and the exo-or endothermicity of the reactions also make transient changes in the conditions. Techniques such as size distribution focusing can be used to compensate for the variations in nucleation conditions. However, here we demonstrate a more robust method for creating reproducible nucleation, using the concept of delayed nucleation. In delayed nucleation, the initial precursor is slowly converted subsequent to 4 injection to an active species. When the concentration of the active species builds up and then exceeds the nucleation threshold, a brief period of nucleation ensues. We illustrate this concept using the synthesis of iron oxide nanocrystals from an iron pentacarbonyl precursor. This system is chosen because the formation of iron oxide nanocrystals is generally well established, and because thermal decomposition of iron pentacarbonyl is very well documented.
This system is also of interest, because the rich phase diagram of the iron oxides represent a class of extremely relevant materials not only in chemistry but also in areas such as magnetism 14 , soil science 15 , catalysis 16 , and more recently medicine 17 and energetic materials 18, 19 . A non-hydrolitic preparation of iron oxide crystals is appealing in that in principle it allows one to achieve a dependable synthetic procedure by avoiding the complex aqueous chemistry 20 . For this reason, the preparation of iron oxide nanoparticles by non-hydrolytic methods has been recently proposed which make use of either single molecular precursor systems such as Fe-Cup and Fe(acac) 3 , and Fe(oleate) 3 complexes [21] [22] [23] [24] [25] [26] or dual source systems 27, 28 . Although high quality iron oxide nanocrystals with different sizes are produced by these routes, further improvement in phase and shape control is still desirable.
In this work, we synthesize iron oxide nanocrystals through the co-injection of iron pentacarbonyl and an oxidizer, m-chloroperoxybenzoic acid, into hot organic solvent containing fatty acid surfactants. This system enables not only the systematic monitoring of the nanocrystal formation in terms of nucleation, crystalline phase, and size but also of anisotropic nanocrystal growth. Specifically, we describe (i) the size evolution depending on growth time and temperature, (ii) crystalline phase transition during the nanocrystal growth and the effect of oxidants on the final crystalline phase, (iii) the formation and characterization of disk shaped nanocrystals, and (iv) direct evidence of nanocrystal nucleation processes by in situ optical monitoring. Unlike conventional precursor injection methods, we observe that iron oxide nanocrystal growth is promoted by the sudden occurrence of a nucleation delayed in time. This sudden delayed nucleation is highly related to the homogeneous nucleation and the kinetic growth of nanocrystals, which ultimately results in the formation of monodisperse iron oxide nanodisks. Optics USB2000 CCD spectrometer, and a custom LabView program recorded absorption spectra and temperatures at 5 s intervals. Nanocrystal evolution was analyzed by plotting the baseline-corrected absorption at selected wavelengths versus time.
Iron oxide nanocrystal synthesis
Characterization The nanocrystals were characterized by conventional and high resolution transmission electron microscopy (TEM and HR-TEM), X-Ray powder diffraction (XRD), Raman spectroscopy and atomic force microscopy (AFM). TEM analysis was performed at the Electron Microscopy Laboratory (EML) at the University of California, Berkeley, on a FEI Tecnai 12 using an operating voltage of 100kV. Nanocrystals were deposited from toluene solution onto 200 mesh formvar coated copper grids (purchased from Ted Pella) and dried in air. TEM statistical analyses were performed on at least 500 particles. HRTEM observations were performed on a Hitachi H9000-NAR operating at an accelerating voltage of 300 kV. X-ray diffraction was performed on a Bruker-AXS D8 general area detector diffraction system (GADDS), using Co Kα radiation (1.79026 Å). Two-dimensional patterns were angle integrated to obtain the patterns displayed. The instrument resolution is 0.07º in 2θ and the accumulation time for each frame of each sample was 40 minutes. Two frames were taken per sample, centered at 2θ angles of 40º and 60º, and at Ω angles of 20º and 35º respectively. Raman spectra were collected on the powdered iron oxide samples using a confocal micro-Raman setup. All spectra were excited using laser powers <0.5 mW (spot size ~20 um) of the 633 nm line of a 40 mW aircooled HeNe laser in order to avoid sample decomposition or temperature induced phase transformations such as 29 The scattered light was collected in a backscattering geometry and spectral dispersion was accomplished using a ¾ meter grating monochromator with a 1200 grooves·mm -1 grating blazed at 700 nm yielding a final resolution of <1cm -1 . The Raman spectra were recorded with a liquid nitrogen cooled CCD camera. Confocal spatial filtering was accomplished using the entrance slit of the monochromator and electronic aperturing of the detector. Acquisition times were 30 minutes. Calibration of the absolute frequency was done using a neon pen lamp. Reference bulk iron oxides were obtained from Aldrich and used as received.
Nanocrystal shape evaluation AFM analysis was performed on a Digital Instrument Nanoscope IIIa
Multimode Atomic Force Miscoscope. The sample was prepared by depositing a few drops of a dilute toluene solution of the nanoparticles onto a highly ordered pyrolytic graphite support (purchased from SPI Supplies) by spin coating (spinning rate 4000 rpm). Images were processed by the instrument's software. The images were flattened to remove the background slope, taking care of excluding the particles from the flattened area, and the section analysis on the flattened images provided the particle height. The height was calibrated from graphite terrace standards.
Results
Nanocrystal size and size evolution with growth time The diameter of the nanoparticles increases rapidly with time and the increase in the particle average diameter is accompanied by a broadening of the size distribution. 
Nanocrystal shape determination
In the sample obtained after a growth time of 5 minutes individual nanoparticles, and self-assembled monolayers and multilayers are imaged depending on the deposition conditions. The typical AFM image of isolated particles and the surface plot of the self-assemblies are reported in Figure 3A and 3B
respectively. The section analysis was performed in order to measure the height of the nanoparticles, h i , and of the self-assembled assemblies h a ; in particular the assemblies made out of three layers were considered (see Supplementary Information). The height of individual nanoparticles and of the three monolayers as obtained by statistical section analysis is 3.16 nm and 14.66 nm, respectively (see Supporting Information). On the other hand, the width of the nanoparticles is not resolved due to the convolution of the tip, as expected. 
Real-time UV-Visible measurements of the reactant solution
Under the reported conditions, when the solution of iron pentacarbonyl (yellow-orange) and the solution of mCPBA (colorless) are co-injected, the solution quickly turns from pale yellow to dark brown for less than a 1 minute, then turns back to yellow and a vigorous release of white vapors is observed. After about 1 hour, the solution suddenly turns dark, coincident with the formation of the 30 nm
11 colloid. 31, 32 This reaction mechanism is very reproducible, and no particles can be isolated from the solution until the solution turns dark. We have made use of in situ absorption spectroscopy in order to gain information on the formation of iron oxide nanocrystals in situ. Absorption spectroscopy has already shown to be a powerful tool for investigating nucleation and growth phenomena of semiconductor nanocrystals, by exploiting their size-dependent optical properties. 8, 30 In particular, methods for obtaining quantitative data without perturbing the reaction both in microfluidic 33 and in flask synthesis 34 of semiconductor nanocrystals have been recently proposed. The UV-Vis spectrum of the solution was collected in situ by a dip probe apparatus, and the time dependence of the absorbance at 440 nm after co-injection is reported in Figure 4A . Following the injection, the absorbance exhibits a sharp peak and then for about 1 hour the absorbance does not undergo any significant variation; after that it suddenly increases over a few minutes quite rapidly and finally it gets too opaque to measure absorption. Figure 4B shows the variation of the temperature after the injection (time=0) of the iron precursors and of the oxidizer, which is performed when the temperature of the solution is constant. As can be inferred, the injection induces a significant drop of the temperature, but after a few minutes the initial temperature of the solution recovers and no further temperature change is observed. In particular, no temperature variation is observed corresponding to the sudden increase of the absorbance recorded after about 1 hour from the injection.
The effect of iron precursor concentration on the reaction rate was studied by varying the initial amount of Fe(CO) 5 , while keeping all other synthetic parameters constant. Figure 4C 
Structural Characterization and Phase Control
Synthesis of single crystalline iron oxide nanocrystals Single crystalline nanocrystals were obtained by multiple injection of oxidizer experiments. In the typical synthesis, monodisperse nanoparticles were first formed by the reaction described previously, i.e. adopting a Fe(CO) 5 : tridecanoic acid: mCPBA molar ratio of 1:3:1.5. One minute after the solution turns dark, an ether solution of mCPBA (mCPBA/ Fe(CO) 5 =1.5) was injected. Figure 5A shows the TEM images of the sample obtained by second injection of oxidizer: the sample is monodisperse with faceted particles of average diameter of 13 nm.
The XRD spectrum, reported in Figure 5B , shows only the presence of a spinel phase, which could either correspond to the metastable phase of the ferric oxide γ- 35 due to the extra line broadening of the peaks the two nanocrystalline phases cannot be distinguished by X-Ray powder diffraction. Raman spectroscopy has been shown to be a powerful tool to investigate the structure of iron oxides and hydroxides. 29 In contrast to XRD, the Figure 5C indicates that the nanoparticles are single crystals with maghemite spinel structure.
As an alternative route, a large excess of oxidizer was used (iron pentacarbonyl:mCPBA molar ratio 1:4). In this case, XRD measurements show that only the spinel phase is formed, which was attributed from Raman spectroscopy to be Fe 3 O 4 . TEM observations, however, indicate the formation of nanoparticles with irregular shape and a broader size distribution (see Supplementary Information). As-synthesized iron oxide nanocrystals The XRD spectrum of as-synthesized nanocrystals, shown in Figure 6a , cannot be attributed to only one polymorph of iron oxide. The XRD spectrum (see Figure 6b) of the aliquot corresponding to long growth time (1h 30') shows well resolved peaks that can be attributed to the presence of three phases: the ferrous oxide wüstite, a spinel phase plus a weak peak corresponding to the most intense peak of α-Fe. HRTEM results also support that the nanocrystals are mixed crystalline phase rather than single crystalline phase (see Supplementary Information). The Raman spectrum of our sample shows a total of three peaks at 662, 541, 314 cm -1 . Based on comparison to the bulk reference spectra (see Table I ), the spinel phase can be therefore identified as 
Discussion

Pathway of formation of the nanocrystals
The iron oxide colloid formation is accompanied by a sudden change in the color of the reaction media from yellow to dark. The color variation, recorded by in situ UV-Vis spectroscopy, allows one to determine the induction time for particle formation. The induction time is strongly dependent on the precursor concentration, varying from one hour to ten minutes by increasing the iron concentration from 0.1 to 0.3 M, and indicates the presence of a delayed nucleation. Moreover, the colloid formation occurs through a burst-like reaction; this observation, together with the concentration dependence indicates the presence of a sudden supersaturation phenomenon. In agreement with this view, the concentration of the iron precursor affects the size of the resulting nanoparticles, and in particular smaller particles are obtained at higher iron concentrations. Moreover, both the UV-Vis data and the nanoparticle size evolution pattern determined by TEM analysis indicate that the growth rate is very fast. These results suggest that the formation of stable nuclei is considerably slower than their subsequent growth, so that the two phenomena are-as desired-temporally separated, and that the reaction rate is therefore controlled by the nucleation rate.
The origin of observed delayed nucleation was further investigated by decomposing the nanoparticle precursors under different conditions. When Fe(CO) 5 is decomposed under the same conditions reported above except for the absence of oxidizer, the formation of a dark colloid occurs with the same induction time measured for the preparation of the iron oxide nanoparticles. On the other hand, the thermal decomposition of Fe(CO) 5 in the presence of oxidizer without surfactant takes place in the time scale of less than 1 minute. These results indicate that the mCPBA does not play a determinant role in reaction kinetics. It has been reported that amines bind less strongly than carboxylic acids of the same carbon chain length. 36, 37 We have therefore performed the decomposition of Fe(CO) 5 in the presence of dodecylamine as surfactant, recording an induction time of a few minutes.
It is noteworthy that Fe(CO) 5 may undergo condensation reactions to form higher nuclearity clusters, but in this case a progressive darkening of the solution should be observed as a consequence of the increasing metallic character of the bonding. For example, it is well-known that the photolysis of Fe(CO) 5 proceeds through clustering. In our case, however, the reaction kinetics is not affected by shining UV light on the solution during the reaction. In agreement with this view, Redl et al show by ex-situ IR spectroscopy that decarbonylation of Fe(CO) 5 readily occurs at temperatures above 170°C. 26 All these observations can be summarized assuming that upon injection of the iron pentacarbonyl the iron is immediately coordinated and stabilized by the carboxylic acid present in solution. The metalsurfactant complex in turn is transformed into an "active species", which accumulates until it crosses the nucleation threshold. The higher the concentration of iron precursor, the shorter the retardation in nanocrystal nucleation.
In particular, when an Fe(CO) 5 : tridecanoic acid: mCPBA ratio of 1:3:1.5 is adopted, the induction time is of about 1 hour and monodisperse nanocrystals of 13 nm in diameter are obtained. The delayed nucleation can be considered the key parameter in determining the monodispersity and the high reproducibility of the obtained nanoparticles, in that it allows the separation of the nucleation from the injection step and its related intrinsic uncertainities. In order to ensure size and shape control, a strict control over all the reaction parameters is of particular importance when the synthesis is carried out under conditions far from equilibrium like the ones adopted here.
Size determination of iron oxide anisotropic nanocrystals
Several reports suggest that the monomer concentration can affect the shape of the particles. In this work, the shape of the nanoparticles was studied by the combined use of TEM and AFM. TEM is the most suitable technique for the determination of the particle diameter, but does not allow one to obtain straightforward information on the particle thickness. On the other hand, AFM gives accurate information on the height of the particles while it cannot give reliable estimates of the width of nanoparticles due to the convolution effect of the tip. AFM and TEM techniques can also be considered complementary techniques in sizing capped nanoparticles in that while the former gives information on the outer dimensions (i.e. including the surfactant coating), the latter affords images of the inorganic core. 38 Information on the surfactant coating can be obtained indirectly from TEM of close-packed monolayers, as the surfactant length dictates the distance between neighbouring particles. The average distance between nanoparticles in closed packed monolayers is 1.8 nm, giving an average surfactant length of 0.9 nm. The statistical analysis of AFM images of isolated particles having an inorganic core of 13 nm indicates a height of the capped nanoparticles of 3.16 nm. Banin and co-workers 39 pointed out that nanoparticle height can be underestimated by AFM in free air since the recorded height is the sum of the topography and the force gradient contributions. The latter contribution arises from the force gradient experienced by the tip when moving from the substrate to the sample, and is minimized when using a hydrophobic substrate (such as the graphite used in this case) whereas it is rather independent on the particle coating. In order to take into account the force gradient contribution we have analyzed aggregates made out of three layers, which have an average height h a =14.66 nm. The force gradient experienced by the tip will be the same both in the case of the individual nanoparticles and of the assemblies, and we can therefore assume that both height determinations will be affected by the same error. By subtracting the height of the isolated nanoparticles h i , one can therefore remove the force gradient contribution from the height of the 3-layer aggregate (h a ), obtaining therefore the height of 2 layers. From this analysis, we derive a value of a capped nanoparticle of 5.75 nm, and taking into account the contribution of the surfactant coating the resulting height of the nanoparticle is 3.95 nm.
The aspect ratio larger than 3 resulting from the combined analysis of TEM and AFM data indicate the formation of the particles in an anisotropic growth regime, which can be induced by the high monomer concentration 11, 30 arising both from the high concentration of the precursors and the strong supersaturation following the delayed nucleation.
Crystal Structure and Phase Control
XRD and HR-TEM data of the sample prepared by using a Fe(CO) 5 :mCPBA molar ratio of 1:1.5
(reported in Figure 5 and in the Supplementary Information, respectively 35 Colloidal nanoparticles obtained by the decomposition of Fe(CO) 5 in the presence of pyridine N-oxide as oxidizer mainly composed of the wustite phase with small seeds of magnetite 26 were also reported, whereas under inert conditions low crystallinity wustite and maghemite domains were obtained. 40 In the sample obtained at longer growth time the XRD data indicate a peak sharpening due to the crystal growth, and that bcc-Fe is present 20 together with wüstite and magnetite, the latter being the main phase. This result indicates that, in agreement with the phase diagram, 37 wüstite undergoes dismutation giving rise to Fe and Fe 3 O 4 .
It is noteworthy that a complete oxidation of iron would be expected when using a Fe(CO) 5 Similarly, it has been reported that the morphology of parent wustite nanocrystals does not change after phase transition to magnetite obtained by annealing at 400°C under inert atmosphere.
26
Effect of the Temperature on the size of the nanoparticles.
On the other hand, the size of the initial nanoparticles is strongly affected by factors such as the precursor concentration and the reaction temperature. In particular, if the reaction is carried at 280°C
and at 285°C polydisperse nanocrystals with average diameter of 14 nm and 35 nm respectively are obtained, whereas if the reaction is performed at 298°C the resulting nanoparticles are monodisperse and have an average diameter of 7 nm. As mentioned earlier, an increase in the iron concentration leads to smaller particles: monodisperse nanocrystals with average diameter of 7 nm are obtained by doubling the iron pentacarbonyl concentration. These observations are in agreement with the proposed 21 mechanism, as both a higher temperature and a larger iron concentration will speed up the reaction and induce the formation of smaller nuclei. Figure 7 . Low resolution TEM image (A), and XRD spectrum (B) of the sample obtained by carrying the synthesis at higher temperature followed by a 2 nd injection of oxidizer.
Since multiple injections of oxidizer do not alter the size distribution of the nanoparticles once they are formed, iron oxide spinel single crystals with a controlled size can be obtained by adopting suitable initial conditions followed by a 2 nd injection. The sequential injection of oxidizer on nanoparticles grown at 298°C using an overall iron-to-oxidizer ratio of 1:3 (the same conditions adopted for the sample reported in Fig.6 except for the temperature that in this case is 5 °C higher), leads to monodisperse nanoparticles having diameter of 7 nm ( Figure 7A ). The XRD data, reported in indicate the presence of a single spinel phase, and the peak broadening confirms that the particles are smaller than in the sample reported in Fig.6B .
Conclusions
The pyrolysis of the suitable organometallic precursor and of an oxidizer in the presence of a coordinating surfactant is used to form nanocrystals with defined size and phase of a complex system such as iron oxide. The formation of the colloid, which is accompanied by a color change, is monitored by in situ UV-Vis spectroscopy which points out the presence of a delayed nucleation process and provides a means of measuring the induction time. The effect of the different synthesis parameters on the formation mechanism suggest that the retardation of the nucleation is induced by the fatty acid used as coordinating surfactant, which strongly stabilizes the monomer in solution. The delayed nucleation results in a very pronounced monomer supersaturation peak after the induction time. As a consequence, the presence of monodisperse nuclei and a fast growth regime are responsible for the formation of nanocrystals with nearly monodisperse size and anisotropic shape, respectively. Under the adopted conditions, the decomposition of the oxidizer is faster than that of the iron precursor, so that the most effective method to obtain iron oxide nanocrystals with the desired oxidation state is the sequential 
